The optimisation of New Zealand grown hemp fibre for inclusion in composites has been investigated.
INTRODUCTION
Industrial hemp fibre is one of the strongest and stiffest available natural fibres [1] and therefore has great potential for use in composite materials. The automotive industry has led the way in adopting this fibre in composite materials. In Europe, the up-take of natural fibres in the automotive market has accelerated from 400 tonnes in 1996 to 17,140 tonnes in 2000, predicted to increase to 60,000 tonnes in 2005, with the greatest increases for hemp fibre [2] . However, as a crop-based material, its properties depend on growing conditions, including growth duration and procedures involved to extract the fibre from the plant. Although acceptable composite properties have been obtained from mechanically extracted fibre [3] , concern over long term stability due to degradation of lignin [4] , which mainly acts as an adhesive holding the cellulose fibres together, suggests that for many applications, it may be best to further process the fibres to remove the lignin before inclusion into composites. Removal of lignin, pectin and hemicellulose by means of alkali treatment has also been shown to improve instantaneous fibre properties due to better packing and increased molecular orientation of cellulose chains [5] . However, overtreatment with alkali has been shown to reduce fibre properties [6] . Therefore in order to optimise composite strength, it is important to be able to assess the effect of fibre extraction as well as growing conditions on fibre properties, particularly fibre strength.
Information available on the effect of growing conditions and extraction on the strength of individual hemp fibres is limited. A major factor here is that single fibre testing is an involved and time-consuming process. Strength values quoted for hemp fibre are commonly based on yarn or fibre bundle strength [7] [8] [9] [10] [11] [12] or of unspecified origin [13] [14] [15] . Where single fibre strengths for hemp are described, these have been carried out at different gauge lengths [16, 17] or unspecified gauge lengths [14] . Testing by Snell et al. [16] was carried out for instance with gauge lengths of approximately 1mm whereas single hemp fibres were tested at gauge lengths of 10mm by Beckermann et al. [17] . However, the strength of natural fibres including flax, hemp and sisal has been shown, not surprisingly for materials which undergo little plastic deformation and, therefore, are likely to have their strength dictated by the defects present, to depend on fibre length [8, 18] as is the case for brittle synthetic fibres [19] . Therefore, for comparison purposes, it would be useful to be able to scale the strength measured at one length to predict what it would be at a different gauge length. In addition, the ability to predict the strength of very short lengths of fibre is important in models for composite strength [20] .
The ability to scale fibre strengths at one length to predict the strength at a different length is incorporated within the two parameter Weibull equation [21] as shown below:
where P f(L) is the probability of failure of a fibre of length L at a stress less than or equal to σ, σ 0 is the Weibull scale parameter or characteristic stress, and w is the shape parameter or Weibull modulus which describes the variability of the failure strength. This is commonly used to describe fibre strength distributions for brittle fibres and has been shown to give a reasonable fit to fibre strength at a single gauge length for natural fibres [22] . Rearrangement of the two-parameter Weibull cumulative distribution expression (equation 1) gives the following: (2) and hence the scale and shape parameters can be obtained from a plot of lnln(1/1-P f ) versus lnσ (commonly referred to as a Weibull plot) which should produce a straight line, with gradient w and intercept σ 0 at lnln(1/1-P f )=0.
A fibre can be considered as made up of segments or 'links', each containing a flaw of varying severity [21] . Therefore, the fibre can be considered to have failed if one of its links has failed. This type of model is referred to as the 'Chain of Links' model. A longer fibre can be considered to have a larger number of links than a shorter one and therefore, there is an increased probability of encountering a more severe flaw along the fibre length. Hence, longer fibres, as observed, would be expected to have on average a lower strength than shorter fibres. As a consequence of the form of the Weibull equation (Equation 1 ), values of strength obtained at any given gauge length may be used to predict the strength of a fibre for another length, for a similar probability of failure by means of the following equation:
where σ 0(2) and σ 0(1) are the strengths for lengths L 2 and L 1 respectively. This is the principle of 'weak-link scaling'. A plot of the logarithm of characteristic strength versus the logarithm of length should give a straight line if weak link scaling is observed, from which the Weibull modulus can be obtained from the reciprocal of the gradient.
In the current work, an investigation has been performed on a trial crop of New Zealand grown hemp to assess the effects of growth time and digestion parameters for optimising the production of hemp fibre for composite materials. The suitability of using Weibull statistics for scaling values of strength obtained at a given gauge length to predict the strength at a different gauge length and prediction of composite properties has been assessed.
MATERIALS
Two sources of New Zealand grown industrial hemp (Cannabis sativa L.) were used in this investigation:
(1) semi-retted hemp stalks grown in the Hawkes Bay region, and (2) When the male plants were about to start releasing pollen (99 days after planting), several plants were harvested for fibre strength analysis. After that, plants were harvested at 5-day intervals, with the final harvest taking place 124 days after sowing. The hemp stalks were then water-retted for 6 days to separate the strong outer bast fibres from the woody core, as well as to separate the individual fibres from their fibre bundles. Retting is a controlled bio-degradation of the hemp stem, which breaks down the hemicellulose and pectin holding the individual fibres together. After retting, the fibres were dried at 80 o C for 24 hours.
Alkali Treatment of Hemp Fibre
Hawkes Bay grown hemp was scutched to remove the bast fibres from the woody core, and the bast fibre tissue was chopped into lengths of approximately 10cm. Small quantities of fibre were then weighed and placed in 1 litre stainless steel canisters with a pre-mixed NaOH solution such that the fibre:NaOH solution ratio was 1:6 by weight. The canisters were then inserted into a small lab-scale pulp digester for alkali treatment, and the predetermined treatment cycles were controlled by a 10-step PLC program. The following treatment variables were manipulated for the different alkali treatments, as can be seen in After treatment, the fibres were thoroughly washed for 10 minutes using a pulp and paper fibre-washer.
Fibres were then dried at 80 o C for 48 hours.
The surfaces of untreated and alkali treated fibres were observed using a Scanning Electron Microscope (SEM).
Mechanical Testing of Single Hemp Fibres
The tensile testing of the retted single hemp fibres was based on the ASTM D3379-75 Standard Test
Method for Tensile Strength and Young's Modulus for High-Modulus Single Filament Materials. Hemp fibres were separated by hand, and mounted on cardboard mounting-cards with 10mm holes punched into them (ie 10mm gauge length). A small amount of PVA glue was applied to the two edges on either side of the hole along the length of the card, and the fibres were carefully put into place. The fibres were then inspected, under an optical microscope with a calibrated eyepiece at 200x magnification, to record the average diameter of each fibre, and to ensure that only a single fibre was present on each card. The mounted single fibres were then individually placed in the grips of an Instron-4204 tensile testing machine, and the supporting sides of the mounting cards were carefully cut using a hot-wire cutter. The fibres were then tensile tested to failure at a rate of 0.5mm/min using a 10N-load cell. Average strengths were obtained using results from thirty specimens. Single fibre tensile tests were also performed to determine the tensile strength and stiffness of the alkali treated fibres as described previously for retted fibres. Single fibre tensile testing was also carried out at an additional gauge length of 1.5mm for the fibre found to have been optimally treated to enable Weibull analysis. The degree of delignification of the alkali treated fibre was determined using the Half-Scale Kappa Test based on the AS/NZS 1301.201s:2002, the Papro 1.106 Kappa Number (Half Scale Modification) and TAPPI T236 Standards.
X-Ray Diffraction
Untreated and alkali treated Hawkes Bay hemp fibre (treated with 10% NaOH at a maximum temperature of 160 0 C and a hold time of 45minutes) was chopped into fine particles and compressed into disks using a where I002 is the maximum intensity of diffraction of the (002) lattice peak at a 2θ angle of between 22 0 and 23 0 , and Iam is the intensity of diffraction of the amorphous material, which is taken at a 2θ angle between 18 0 and 19 0 where the intensity is at a minimum [24] .
Composites Fabrication
Composites were fabricated using Hawkes Bay hemp that had been optimally alkali treated. The fibres were either chopped up into fibre lengths of 1-3mm using an industrial granulator (short fibres), or manually chopped into 10mm lengths using a guillotine (long fibres), and then dried at 80 0 C for 48 hours.
The polypropylene and the MAPP coupling agent used in the composites were also dried for the same length of time. The hemp fibres, polypropylene and MAPP were then compounded in a ThermoPrism TSE-16-TC twin-screw extruder, such that composites with varying weight fractions of fibre, MAPP and polypropylene were produced. Composites were made using long fibres as well as the short fibres to compare the effects of fibre length on the properties of the composite. The extruded composites were then granulated into pellet form and dried at 80 0 C for 48 hours. The composite pellets were then injection moulded into Type 1 tensile test specimens (as specified by the ASTM D638-01 standard) using a BOY15-S injection-moulding machine.
Tensile Testing of Composites
Tensile test specimens were placed in a conditioning chamber at 23 o C ± 3 o C and 50% ± 5% relative humidity for 40 hours. The specimens were then tested using an Instron-4204 tensile testing machine fitted with a 5kN-load cell, and operating at a rate of 5mm/min. An Instron 2630-112 extensometer was used to measure the strain. The composite specimens were tested to failure, whereas the non-fibre containing specimens were only tested to the point of maximum stress due to excessive necking. Ten specimens were used for each test.
RESULTS AND DISCUSSION

The Effects of Growing Time on Fibre Strength
The single fibre tensile test results performed on retted Waikato-grown hemp are shown in Figure 1 . The error-bars each represent ± 1 standard deviation. From the results, it can be seen that there is a slight, but statistically significant (assessed by a single tailed student t-test) increase in the average tensile strength of hemp fibre during the growth period from 99 days to 114 days (observed value of t=2.96, df=56, p<0.05). After 99 days of growth, the male plants had started to release their pollen (start of male plant flowering); and by 124 days, about 80% of the pollen had been released (end of male plant flowering).
This increase in the average fibre tensile strength is likely to be due to changes in fibre morphology as This filling of the primary fibres is thought to increase the average fibre tensile strength. With the introduction of the generative phase (seed production), shorter and weaker secondary fibres are produced in greater numbers, which would be expected to eventually result in a decrease in the average fibre strength (not assessed in the current work). A peak in average fibre strength can then be achieved at a point where the primary fibres have been filled to a large extent, and just before an increase in secondary fibre production commences.
Other possible explanations for the change in fibre strength could be due to the changing chemical composition of bast fibres during the aging of the plant [26] . No further investigation was performed to determine the chemical composition or changes in chemical composition of the fibres. It was also noted that the average unretted fibre strength appeared to be considerably higher than the average strength of the retted fibres. This is could be due to more primary unretted bast fibres being extracted from the bark for tensile testing instead of a random mix of primary and secondary fibres. Primary bast fibres are longer and stronger than secondary fibres and contain less lignin, thus making them easier to extract from the unretted bark.
The shape of the stress-strain curves was found to vary markedly between fibres. The different forms are shown in Figure 2 representing behaviour ranging from strain hardening (a), through linear elastic (b) to the inclusion of some plastic flow (c). For the untreated samples around 64% demonstrated linear elastic behaviour, 30% plastic flow and 6% showed strain hardening behaviour. Variation of behaviour reported elsewhere [18] , describes variability of stress-strain behaviour of flax fibres including linear elastic and strain hardening behaviour.
The Effects of Alkali Treatment on Fibre Properties
From the results in Table 1 , it can be seen that each of the three alkali treatment variables had an effect on the tensile strength of the treated fibres. Treatments 1, 2 and 4 produced fibres that were stronger than the control (untreated fibres), whereas treatments 3, 5 and 6 resulted in weaker fibres.
The increase in fibre strength for treatments 1, 2, and 4 can be attributed to an increase in packing density and molecular orientation due to the removal of the cementing materials (ie lignin, pectin and hemicellulose) [27] . The decrease in strength for treatments 3, 5 and 6 can be attributed to the degradation of cellulose at temperatures above 160 0 C [28] and at high NaOH concentrations. It can also be seen that the amount of residual lignin in the fibres, represented by the Kappa number, decreased with an increase in NaOH concentration, hold time and processing temperature. From the results in Table 1 , it can be seen that the most suitable treatment for producing strong, well-separated fibres with low lignin content is treatment 2.
Microscopic Evaluation of Untreated and Alkali Treated Fibres
The surfaces of untreated and alkali treated Hawkes Bay hemp fibres (treatment 2) were observed using a Scanning Electron Microscope (SEM). An untreated fibre can be seen in Figure 3 (a) and an alkali treated fibres can be seen in Figure 3(b) . From the SEM micrographs, it can be seen that the gummy polysaccharides of lignin, pectin and hemicellulose are localized on the surfaces of the untreated fibres.
In contrast, the alkali treated fibres have much reduced diameters and appear to have clean but rough surfaces with large numbers of etched striations. The rough surface morphology of the alkali treated fibres is expected to assist with mechanical interlocking when used in composites, and the clean surfaces are expected to provide direct bonding between the MAPP coupling agent and the microfibril cellulose.
Weibull Analysis
Weibull plots are presented in Figure 4 for hemp treated using treatment 2 at gauge lengths of 1.5mm and 10mm. Similarly to the trend seen by Biagotti et al. for flax [22] , good agreement with the Weibull distribution is shown by proximity to the straight lines with the worst disparity occurring at the lowest strength values. Weibull moduli of 3.4 and 4.2 were obtained from the gradient of the best fit lines at 1.5mm and 10 mm gauge lengths respectively. These are higher than the Weibull modulus of 2.6 for untreated flax fibre [22] indicating less variability.
The average strengths at different gauge lengths followed the expected trend, with that at 10 mm (677 MPa), being lower than that at a gauge length of 1.5mm (786 MPa). The weak link scaling plot with data points from the 1.5 and 10mm gauge length data, as well as the best straight line through these, is shown in Figure 5 . The Weibull modulus obtained from this plot was 11.7, so very different to that obtained from the individual gauge length data. Also shown in Figure 5 are extrapolations from 1.5 mm and 10mm data points using the Weibull moduli obtained at their respective gauge lengths. As can be seen, there is significant discrepancy between experimentally obtained values and those obtained by weak link scaling from samples of a different gauge length. The characteristic stress obtained from the 10mm gauge length data was 745 MPa, however that predicted for a 10mm gauge length by weak link scaling the data from the 1.5 mm gauge length samples was 501 MPa. Weak link scaling the data obtained from 10 mm gauge length data gave a predicted characteristic strength of 1170 MPa at 1.5mm compared to 876 MPa obtained experimentally at 1.5 mm. The disparity between experimental and predicted values is greater than 30% in both cases. Therefore, it was assumed that weak link scaling could not be used to scale strength obtained at one length to predict strength at a different gauge length.
Determination of the Crystallinity Index by the XRD Technique
The X-ray diffractograms of untreated and alkali treated hemp fibre can be seen in Figure 6 . It can be observed that the major crystalline peak on each pattern occurred at around 2θ = 22.5 0 , which represents the cellulose crystallographic plane (002). The X-ray diffractograms show that the intensity of the (002) crystallographic plane was increased significantly by alkali treatment of the hemp fibre. The crystallinity index of the treated and untreated hemp samples were calculated using Equation 4 which is described in the experimental section, and the results are summarised in Table 2 . It can be seen in Table 2 that the crystallinity index of the hemp fibre increased with alkali treatment. This is thought to be due to better packing and stress relaxation of cellulose chains as a result of the removal of pectins and other amorphous constituents from the fibre [29] . The increase in crystallinity obtained by alkali treating the hemp fibre is thought to be the main contributing factor for the increase in fibre strength for treatment no. 2, as seen in Table 1 .
Other well defined peaks present on the X-ray diffractograms are at 2θ = 14.8 0 and 2θ = 16.4 0 , and these reflections correspond with the (1ī0) and (110) crystallographic planes respectively. When the crystalline cellulose content is high, these two peaks are more pronounced, and when the fibre contains large amounts of amorphous material (such as lignin, hemicelluloses, pectins and amorphous cellulose), these two peaks are smeared and appear as one broad peak [23] . It can be seen in Figure 6 that the peaks at 14.8 0 and 16.4 0 are more defined for the alkali treated hemp fibre, therefore suggesting that the alkali treatment removed some of the amorphous materials from the fibre.
The Effects of MAPP, Fibre Content and Fibre Length on Composite Properties
The results in Tables 3 and 4 clearly show that an increase in composite strength (σ) and stiffness (E) can be gained by increasing the weight fraction of hemp fibre and MAPP coupling agent in the composite.
The strongest composite contained 40wt% hemp and 3wt% MAPP and the increases in tensile strength and Young's modulus compared to pure polypropylene were 107% and 356% respectively. The hemp fibres that were used had a tensile strength of 677 MPa, compared to 22.8 MPa for the polypropylene matrix, so it was expected that an increase in the fibre content would have considerably increased the composite strength. However, due to inefficient adhesion between the fibres and matrix, the tensile strengths of the uncoupled composites were far below their potential values. By adding 3wt% MAPP, the fibre-matrix interfacial bonding was improved, and a tensile strength increase of 68% was achieved for the composite containing 40wt% fibre. The Young's modulus of this composite was also increased by 31% with the addition of 3wt% MAPP.
At 30wt% and 40wt% fibre contents, the longer fibres provided better composite reinforcement, whereas at 50wt% fibre, increased frictional forces experienced during composite processing appeared to have damaged the fibres and resulted in reduced mechanical properties.
CONCLUSIONS
In this investigation, it was shown that the average tensile strength of hemp bast fibres changed during the flowering stage of the plant, with an increase in strength being observed up to around 114 days of growing. The fibre strength was improved by alkali treatment of the fibre. A treatment using a 10wt%
NaOH solution, with a maximum processing temperature of 160 o C and a maximum temperature hold time of 45 minutes produced the strongest fibres, with a much reduced lignin content and improved fibre separation. This alkali treatment method resulted in fibre with a higher crystallinity index compared to that of untreated fibre, and this is thought to be due to better packing of the cellulose chains with the removal of amorphous materials from the fibre. Although a good fit with the Weibull distribution function was obtained for single fibre strength, this did not allow for accurate scaling to strengths at different lengths. Hemp fibre reinforced polypropylene composites were produced, with the strongest and stiffest composite containing 40wt% hemp fibre. Further improvements in composite strength and stiffness were achieved by adding MAPP, due to the improved fibre-matrix interfacial bonding. A MAPP content of 3wt% produced the best results. It was also shown that an increase in reinforcing fibre length could improve the composite strength and stiffness of composites with 30wt% or 40wt% fibre. Figure 4 . Weibull plots for hemp tested at 1.5mm and 10 mm gauge lengths. 
